Abstract Spatially modulated illumination (SMI) microscopy is a method of widefield fluorescence microscopy featuring interferometric illumination, which delivers structural information about nanoscale features in fluorescently labeled cells. Using this approach, structural changes in the context of gene activation and chromatin remodeling may be revealed. In this paper we present the application of SMI microscopy to size measurements of the 7q22 gene region, giving us a size estimate of 105±16 nm which corresponds to an average compaction ratio of 1:324. The results for the 7q22 domain are compared with the previously measured sizes of other fluorescently labeled gene regions, and to those obtained for transcription factories. The absence of a correlation between the measured and genomic sizes of the various gene regions indicate that a high variability in chromatin folding is present, with factors other than the sequence length contributing to the chromatin compaction. Measurements of the 7q22 region in different preparations and at different excitation wavelengths show a good agreement, thus demonstrating that the technique is robust when applied to biological samples.
Introduction
Following the success of the molecular analysis of the human, mouse, and other model organism genomes the spatial architecture of the genome in the cell nucleus has emerged as a major topic of biomedical research. Describing the complex nuclear genome structure requires the combination of advanced experimental and theoretical approaches (O'Brien et al. 2003) .
Far field optical light microscopy with its unique capability for non-contact, non-destructive imaging inside thick transparent specimens such as cell nuclei has made a large contribution to the present knowledge of the three-dimensional (3D) architecture of the human genome in the cell nucleus (Cremer et al. 2000 Kozubek et al. 2002; Tanabe et al. 2002) .
With new methods of focused laser fluorescence microscopy it has become possible to enhance the optical resolution (Dyba and Hell 2002; Egner et al. 2002; Hell et al. 1994; Klar et al. 2000 ). An increase of optical resolution has been shown also by non-focusing techniques using structured illumination (Frohn et al. 2000 (Frohn et al. , 2001 Gustafsson et al. 1995 Gustafsson et al. , 1996 Heintzmann et al. 2002) . In cases where objects of a given spectral signature (e.g., fluorescence 'color') are separated by a minimal distance larger than the optical resolution ('optical isolation'), important structural features can be analyzed using structured illumination achieved by an interference pattern in the object space (Bailey et al. 1993) . One such technique is SMI microscopy (Albrecht et al. 2002; Failla et al. 2003 Failla et al. , 2002b . We have previously shown that SMI approaches (Failla et al. 2002b) can be used to measure the diameter of individual fluorescent targets down to a few tens of nanometers. This SMI 'nanosizing' technique is based on the analysis of the small perturbations of the SMI fluorescence image correlated with the object size for objects whose volume is several orders of magnitude smaller than the observation volume of confocal laser scanning microscopy (CLSM) .
It has been hypothesized that the location ) and chromatin compaction or condensation (Chambeyron and Bickmore 2004) of individual genes is correlated to gene activity and determines the accessibility of the gene loci to macromolecular complexes, for instance those involved in the process of transcription (Spector 2003; van Driel et al. 2003) . Quantitative predictions may be gained from dynamic simulations of the chromatin compaction and folding (Odenheimer et al. 2005) .
In this report we present the application of SMI microscopy to questions related to nuclear nanostructure. To this end we have analyzed the compaction, or the overall extension of a labeled chromatin domain in human osteosarcoma cells, and the sizes of PolII 'transcription factory' protein complexes. The measurements presented verify that the size measurement scheme initially shown using fluorescent microspheres is also applicable in a biological context and provide a solid foundation for further work on the analysis of gene domain structure.
The compaction studies of the 7q22 domain presented in this report represent preliminary measurements, forming a basis for future studies of the erythropoietin (EPO) gene. The EPO gene is well characterized and differentiation between the active and inactive gene can easily be made. In adaptation to changing cellular oxygen availability the EPO levels are modulated by increased expression of the EPO gene (Ebert and Bunn 1999) . Thus, the regulation of the EPO gene provides a precise mechanism for adjusting the red blood cell mass to perturbations in the oxygen tension. EPO synthesis is increased up to several 100-fold by hypoxia and undergoes oxygen and tissue-specific regulation (Fandrey 2004) . Since the magnitude of transcription induced by hypoxia for the EPO gene is greater than for any of the other genes known to be regulated by oxygen tension (Ebert and Bunn 1999) , hypoxia induced EPO gene regulation will be an ideal model system to test for a correlation between transcriptional activity and chromatin compaction. A presumptive reorganization of the chromatin induced by hypoxia leading to a difference in dimension and compaction of DNA in the vicinity of the EPO gene domain compared to normoxia may be detected with appropriate high resolution microscopy.
We have made a first step towards this and report high precision size and compaction measurements of the 7q22 gene region in 3D conserved cells using fluorescence in situ hybridization (FISH) and SMI microscopy. The 7q22 probe was chosen as it is the closest commercially available probe to the EPO gene. The genomic distance between the 7q22 probe and the EPO gene is about 1.4 Mbp, this information was only released by the manufacturer shortly before the submission of this article. This distance makes it unlikely that a decondensation of the region covered by the probe would be induced by activation of the EPO gene. Nevertheless, it offers us a valuable control allowing us to show, for the first time, that repeatable measurements of gene compaction can be made on cells, which have undergone different environmental conditions, and were separately prepared. Such control measurements are essential for the planned investigation of EPO gene compaction upon activation. In general, we have shown that the SMI microscope is able to analyze not only the size and compaction of gene domains, but also of objects involved in and undergoing other transcription related processes and structural changes, e.g., of accumulation of nuclear proteins. To demonstrate the performance of SMI microscopy, data of size measurements on transcription factories and on three other gene regions is presented for comparison.
The three different types of polymerase (Pol I, II, and III) present in the nucleus of an actively-growing human (HeLa) cell are localized in $10,000 transcription factories (Pombo et al. 1999b ); see also (Wansink et al. 1996) . The different Pols are defined by different drug sensitivities, nuclear localization, and the genes they transcribe. In mammalian cells, each transcription unit is transcribed by only one (or a few) pol II enzymes (Jackson et al. 1998; Miller and Bakken 1972) . As pol II factories contain about eight active pols (Pombo et al. 1999b) , this suggests that each simultaneously transcribes eight different transcription units.
In an attempt to demonstrate this model directly, one would ideally wish to visualize the co-localization of at least two different nascent transcripts within the same factory. However, this experiment is difficult due to the limited resolution and sensitivity of current imaging systems, the size of the probes available (antibodies measure 9-20 nm), and by difficulties associated with cellular preservation while labeling proteins, DNA, and RNA. Nonetheless, we have applied SMI microscopy to thin cryosections, showing that we are able to precisely determine the sizes of the labeled transcription factories.
Materials and methods

Cell preparation
For the SMI measurements presented here, human osteosarcoma cells (U2OS) were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco, Karlsruhe, Germany) supplemented with 10% FCS (Gibco), 50 IU/ ml penicillin and 50 mg/ml streptomycin sulfate (Sigma). Cells were grown for 24 h on coverslips (pretreated with poly-d-lysine) to 60% density and then subjected to the experimental conditions. Hypoxic incubations were done in an atmosphere of 1% O 2 in a hypoxia incubator (Heraeus, Heracell 240) or placed in a CO 2 incubator (Sanyo) for 4 h.
In the case of the transcription factories, HeLa cells were used. For details of sample preparation see Martin et al. 2004 .
Probes
The '7q22' probe for the U2OS cells (Qbiogene, Heidelberg, Germany, genomic length 100 kbp) covers a domain neighboring the EPO gene and was fluorescence labeled with dGreen. According to the manufacturer, its distance to the EPO gene is about 1.4 Mbp; more exact information could not be obtained.
Fluorescence in situ hybridization
The U2OS cells were washed once in PBS. Dehydration in 70, 80, and 95% ethanol at room temperature followed and slides were air-dried over night. 2.5 ll of the probe was applied to a slide, placed on a glass dish and sealed with Fixogum rubber cement (Marabu, Tamm, Germany). The samples and probes were denatured on a hot plate at 75°C for 7 min. An incubation at 37°C in a humidified chamber followed. Slides were washed in 1x wash buffer (0.5x SSC/0.1%SDS) for 5 min at 65°C without agitation and then placed for 5 min in 1x PBD at room temperature. The last step was mounting the slides in ProLong Gold antifade reagent (Invitrogen GmbH, Karlsruhe, Germany).
SMI microscopy
The method of SMI microscopy used is a combination of wide field fluorescence detection with structured illumination. The principle of the setup has been described elsewhere (Albrecht et al. 2002; Failla et al. 2002b; Schweitzer et al. 2004 ). The structured illumination was achieved by focusing two coherent, collimated ion gas laser beams (Ar + -and Kr + -lasers) at the fluorescence excitation wavelengths into the back focal plane of two opposing objective lenses (Plan APO, numerical aperture 1.4, oil immersion, Leica, Bensheim, Germany). By interference a cosine squared shaped standing wave intensity pattern was generated along the optical axis between the two objective lenses. The distance between two neighboring maxima of this pattern (%155-160 nm) is given by half of the wavelength of the laser wavelength divided by the (local) refractive index of the sample. For 3D data acquisition, the cells were moved along the optical axis by a piezo driven, temperature compensating carrier in steps of 20 or 40 nm taking a 2D image at each position. Signal detection took place via one of the objective lenses and a highly sensitive, cooled color or black and white CCD camera (color: PhaseHL, Lu¨beck; B/W: PCO, Kelheim and LaVision, Go¨ttingen). The acquisition time for each image slice was about 2-3 s for the color camera, and about 0.3-1 s for the B/W-cameras. Typically 100-200 image slices around the detected fluorescence were acquired for a cell nucleus.
The SMI point spread function (PSF) is characterized by the modulation along the optical axis. This modulation can be visualized by plotting the fluorescence emission of a small object when moved axially through the focus of the detection system (cf. Fig. 1b, c) . In lateral direction, the PSF of this instrument is identical Fig. 1 a A U2OS cell nucleus was recorded with SMI microscopy at k ex =458 nm taking optical sections with axial step sizes of 40 nm. The image shown presents a 2D optical section of the 3D data stack from the focal plane of the recording objective lens. As no counterstain was applied, the nucleus is visible only due to low background hybridization. The 7q22 region neighboring the EPO gene was labeled with FISH. b The AIDs of the 7q22 domain (1,2, arrows in a) and the automatically fitted modulation curves (solid line) during data analysis. c Scheme of the extraction of the modulation contrast R, from which the axial sizes S (FWHM) were calculated. By comparing via an automated fitting procedure the amplitude of the inner and outer envelope (dashed line) of the AID (solid line) R is quantified. S is then calculated from R according to a theoretical relation. For the 7q22 domains shown in (a) and (b) the axial sizes were 1 S=122 nm, 2 S=88 nm to that of a widefield fluorescence microscope. The imaging resolution of the SMI microscope is not increased and is still limited by diffraction, but information of the object structures smaller than this barrier can be obtainable from the standing wavefield. The extent to which the axial modulation is apparent in the recorded images correlates with the axial extent of the object being measured, with the modulation being highly visible for very small objects and completely missing for objects larger than approximately 140 nm. This relationship can be quantified and forms the basis of SMI size determination (cf. Fig. 1c ) (Failla et al. 2002a; Wagner et al. 2005) . In order to extract the modulation from the images, a line profile is taken through the images along the optical axis with both averaging over a lateral region of interest (ROI) and background subtraction being performed. This line profile, or axial intensity distribution (AID) is taken for further analysis, through which the modulation depth is extracted using a fitting procedure. Once extracted an object size is calculated from the measured modulation based on the assumption of a gaussian fluorophore distribution.
While not representing the true object form, it provides us with a useful model which produces the predicted results for bead measurements. In the following, sizes measured with the SMI 'nanosizing' technique have to be interpreted as full width at half maximum (FWHM) of this gaussian distribution. The SMI microscopy is only applicable for a range of sizes from %40 to 140 nm. The reason for this is that for objects which are very small compared to the period of the standing wavefield the amount of modulation varies only little with respect to the size, whereas objects which are comparatively much larger show no correlation between the small amount of modulation present and their size. Nevertheless, this limitation is not of much concern, because larger structures are resolved laterally, as for a standard widefield microscope. Size measurements in lateral direction are thus also possible, but due to the limited resolution of the widefield detection are significantly less accurate than in the axial direction.
The SMI measurements require the objects to be optically resolved ('optically isolated'), i.e., able to be independently resolved at the imaging resolution of a widefield microscope. In practice, this corresponds to a minimum distance between the objects of approximately 500 nm laterally and 1.5 lm axially.
Results
'Nanosizing' of the 7q22 domain
In the U2OS cells the chromosome 7q22 site neighboring the EPO gene domain was FISH labeled and analyzed in the SMI microscope with 458 nm excitation. Figure 1a shows an example of a 2D image out of a complete 3D data stack through the focal plane of the detection objective lens containing a cell with the 7q22 domains.
For the two gene signals visible in Fig. 1a the axial intensity distributions (AIDs) are displayed (Fig. 1b) , i.e., a profile along the axial direction (perpendicular to the image plane) through the fluorescence intensity measured at the position indicated by arrows.
The FWHM of the envelope of the AIDs is approximately 800 nm, matching the resolution of a widefield microscope in axial direction. This shows that the object is axially small. In addition to the envelope of a widefield microscope the curves in Fig. 1b show a characteristic modulation (wiggles), which provides us with information about the object size, e.g., gene region 1 is larger than gene region 2, which has a deeper modulation. The signal-to-noise ratio in this biological sample is comparable to that obtained with fluorescent microspheres.
The same specimens were analyzed with two different microscope setups to obtain quantitative data about the reliability of SMI 'nanosizing' with different excitation wavelengths in biological samples. In total, 191 7q22 gene domains were analyzed with the 458 nm wavelength. In Fig. 2 The relative number of signals that could not be analyzed and that were not taken into account for the further evaluation was equal for the samples prepared under hypoxia and normoxia. In detail, 1% of the detected fluorescence signals had a signal-to-noise ratio too small to extract the modulation contrast, and 9% of the objects showed no modulation, which means that the object size was larger than the maximum size of %140 nm which can reliably be measured with the SMI microscope. In principle, these signals could be evaluated using the information provided by the lateral (in plane) resolution of about 250 nm. However, due to refractive index mismatch leading to a small distortion of the detection PSF, meaningful measurements of the lateral size could not be made. The axial modulation used for 'nanosizing' is robust against these perturbations. Since the percentage of the not evaluable objects was relatively small and of the same magnitude for both samples, no bias of the size measurements is expected. Furthermore, if the true size of the chromatin domain would be biased, a difference in size could still be detected.
These results prove that our SMI microscope setup is sensitive enough to detect even small changes in object sizes in 3D conserved cells, and might therefore be sensitive enough to also detect even small changes in the chromatin compaction induced by increased trancriptional activity.
SMI conformation analysis of lymphocyte gene loci
Results from compaction analysis of the 7q22 domain may be compared with measurements on three other FISH labeled gene domains (c-myc, p53, p58) in cell nuclei. In these previous experiments, it was found that gene compaction is subject to a large variability which might be due to different states of genetic activity (Hildenbrand et al. 2005) .
In a series of cell nuclei, SMI measurements were performed for each different gene locus. In these experiments, the axial extension of the labeled sites were determined with high precision.
From the sizes found in these experiments (the mean values of the sizes were calculated to be 103 nm for cmyc, 119 nm for p53, and 123 nm for p58), the volumes for an assumed spherical domain shape were estimated between 5.7· 10 À4 lm 3 and 9.7·10 À4 lm 3 , which is about two orders of magnitude smaller than the observation volume given by the 3D-PSF of a CLSM using an immersion-objective lens with high numerical aperture (Bornfleth et al. 1998) . Additionally, the actual sizes determined in these experiments showed very little deviations, with standard deviations in the range 10-14 nm, which is comparable to the size of a few nucleosomes.
A notable result from these measurements is that the axial extent of the gene domains depends on factors other than simply the genomic length covered by the probe. This adds weight to the hypothesis that, despite the denaturing labeling process, size measurements of gene loci could convey information about the activity of the measured gene.
SMI analysis of transcription factories
The HeLa cells used for these experiments contain $10,000 fluorescence labeled transcription factories. With a density of 15 factories/lm 3 , the average distance between factories would be 400 nm, if they were uniformly distributed throughout the nucleus (Martin and Pombo 2003) . This value is smaller in many cases, as factories tend to appear in euchromatic areas. Since the objects to be analyzed in SMI microscopy need to be optically isolated, ultra thin physical sections (thickness $200 nm) were taken through nuclei (Pombo et al. 1999a) . Cryosections from sucrose-embedded fixed cells were used as they provide structural preservation similar to unfixed vitrified cells (Griffiths et al. 1993) . With this preparation, problems of chromatic aberration in fluorescence imaging can be minimized, and no thresholding needs to be applied to the images. Smaller/fainter sites which would be normally lost in the flare from sites above or below can now be measured, if their fluorescence emission is sufficiently bright.
For the cryosection image presented in Fig. 3 , the number of fluorescent objects automatically detected was 259. From all 259 objects, 233 were successfully fitted during the automatic evaluation procedure. The mean axial extension of these objects was found to be 67±16 nm. Not all objects could be evaluated due to either a low signal-to-noise ratio or an axial extension which was too small to allow 'nanosizing' in the SMI microscope. A detailed correlative microscopy study of the size of transcription factories including comparative measurements between SMI and electron microscopy (EM) has been reported in Martin et al. 2004 .
With the SMI microscope as with other light optical methods, transcription factories and other objects can only be separated and thus counted if they are 'optically isolated'. In EM, compared to SMI microscopy, more transcription factories were found (Martin et al. 2004 ).
Discussion
Spatially modulated illumination microscopy provides information at a scale that was, up until recently, thought to be below the limits imposed by the laws of nature on fluorescence light microscopy (about 200 nm laterally and 600 nm axially for CLSM in biological measurements). Such SMI measurements present a range of technical difficulties which had to be surmounted. Nonetheless, we have shown that it is possible to apply SMI microscopy to real biological questions in the study of the nanostructure of specific chromatin domains and of nuclear proteins.
In measuring the size distributions of the gene domains c-myc, p53, and p58 along with the protein complex which constitutes a PolII transcription factory, we have shown that a wide range of nuclear structures and labeling techniques are accessible to SMI analysis. The 7q22 domain measurements presented here show that comparable measurements can be made on two SMI devices using different wavelengths. They additionally form a strong basis for an investigation of the hypoxia induced activation of the EPO gene. The narrow distribution of sizes and the strong correlation between the sizes of the 7q22 domain in two different preparations, in which no change in gene compaction was expected, allow us to be reasonably confident in our ability to measure a decondensation, should that be present on an appreciable scale, in cells where the gene has been activated through hypoxia. The transcription factory results deliver a size estimate on a similar scale to those obtained for gene regions. Assuming that conformational changes in the DNA are required in order to accommodate the presence of a transcription factory, it is not unreasonable to expect that these will be observable on the scale of the factory (even if the gene is only locally decondensed, it should be so over at least the extent of the factory), and thus measurable using SMI microscopy.
Methods involving fixation and/or FISH are likely to have an effect on nuclear structure. However, with current microscopic techniques it is difficult to perform fast (live cell) imaging which delivers the same level of resolution as fixed cell methods. In addition, there are only limited procedures available for labeling gene regions 'in-vivo'. As such, FISH methods on fixed cells represent a compromise, which allows the application of the highresolution microscopic techniques capable of resolving a difference in gene compaction. To label only the sequence of the EPO gene itself, novel combinatorial oligonucleotide FISH techniques (COMBO-FISH) might be used (Hausmann et al. 2003 ). This technique is based on direct information of the DNA sequence and thus allows one to work with probes of known sequence, in contrast to several commercially available probes. Such techniques might even allow us to maintain the COM-BO-labeled gene domains in their native state, avoiding denaturation induced nanostructural changes .
The results indicate that SMI 'nanosizing' provides a powerful method to measure sizes in the direction of the optical axis down to a few tens of nanometers. For objects within the size range applicable to SMI nanosizing (%40-140 nm), the sizes determined by this method are comparable to those measured using electron microscopy. However, unlike electron microscopy this can be Fig. 3 Measured sizes of fluorescently labeled transcription factories in a typical cryosection of a HeLa cell nucleus, from data acquired with the SMI microscope. The sizes have been automatically determined from the modulation of the AID in the SMI 3D data stacks. The picture in a is the mean intensity through several slices near the focal plane, b is a schematic representation of the objects which were detected and measured, where each objects is depicted with a color corresponding to its size, and the histogram in (c) shows the distribution of sizes measured in this slice achieved inside the nucleus of intact cells. Under optimal optical conditions, a size resolution in the range of few tens of nanometers (corresponding to approx. 1/15 to 1/20 of the excitation wavelength) is feasible (Failla et al. 2002a ; our own unpublished results). SMI microscopy is a promising method to obtain highly accurate sub-resolution information about biological structures, and is complementary to focused point spread function engineering approaches such as confocal laser scanning 4Pi-Microscopy which deliver high optical resolution images.
